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Habitat fragmentation and loss of biodiversity due to urbanization is happening at a rapid 
pace. Greenspaces within our cities can provide habitat for native species, and effective 
management of urban and semi-urban parks is an increasingly important way to support 
these species. I compared landscape metrics surrounding nest boxes used by five avian 
species in four semi-urban parks of central coastal California, USA, to determine which 
land cover elements best predicted nest box occupancy and success. Five species were 
included in this study – Ash-throated Flycatcher (Myiarchus cinerascens), Chestnut-
backed Chickadee (Poecile rufescens), Oak Titmouse (Baeolophus inornatus), Violet-
green Swallow (Tachycineta thalassina), and Western Bluebird (Sialia mexicana). Data 
on nest box occupancy and success from 96 nest boxes at four study sites were collected 
over five years. The landscape variables influencing box occupancy and success differed 
among the species, but tree cover was a high-ranked predictor for all species. The 
influence of human-made land cover and distance to water also differed among species 
but had less influence on box occupancy and success than tree cover. My research on 
landscape preferences among secondary cavity nesting birds in semi-urban greenspaces 
matched previous research conducted in natural environments, suggesting that these 
species have potential to nest in semi-urban environments given specific tree cover 
parameters. This information can be used to support avian biodiversity through 
appropriate land management practices at the study sites themselves and in other urban 
and semi-urban greenspaces. 
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Urbanization, defined as concentrated human presence in residential and industrial 
settings and its associated effects, has altered habitats around the world (Chance 2004). 
Globally, the rate of urbanization is increasing (Shochat et al. 2006). The global human 
population is estimated to reach 9.8 billion by 2050 (UN WPP 2017) and the global urban 
land cover to support this population is estimated to triple by 2030 (Seto et al. 2012). In 
the United States, over 5% of the total surface area is covered by urban and other built-up 
land cover (Brown et al. 2014). This is more land than is protected by national, state, and 
conservation lands (McKinney 2002). 
  
Urban land cover fragments the landscape, changing a continuous mosaic of native 
vegetation into discrete patches of native vegetation surrounded by human-made or 
modified patches of cement, degraded habitat, or crops (Meyer and Turner 1992). This 
fragmentation of the landscape is detrimental to biodiversity since it typically removes, 
reduces, and isolates the remaining native vegetation (Fahrig 1999). Urbanization and 
fragmentation of habitat has led to substantial and lasting effects on bird communities 
(Marzluff and Ewing 2001). It is estimated that due to the combination of fragmentation 
from urbanization, climate change, and other anthropogenic influences, 2.9 billion birds 
across almost all biomes in North America have been lost since 1970 (Rosenberg et al. 
2019). Twelve percent of California’s bird species are listed under Special Concern status 
97% of which are at risk due to habitat loss and degradation (Shuford and Gardali 2008). 
  
A review of urbanization impacts on birds found that as an area becomes more urbanized, 
the density of bird populations increases, but the diversity of species present decreases 
(Gil and Brumm 2014). Additionally, at sites with more natural vegetation and a larger 
patch size, species diversity is greater, but population densities are lower (Chance 2004). 
Although the overall impact of urbanization and fragmentation on bird species richness is 
negative, individual species response is varied (Evans et al. 2009, Sol et al. 2014). Birds 
that are generalists and widely distributed - “urban exploiters” (Blair 2001) - are favored 
in urban environments (Croci et al. 2008, Evans et al. 2009). Birds that are habitat 
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specialists, require a specialized nest type (i.e. ground nester or primary cavity 
excavator), and/or are food specialists, are negatively affected by urbanization (van 
Turnhout et al. 2010, Conole and Kirkpatrick 2011) and are called “urban avoiders” 
(Blair 2001). “Suburban adapters” are species that are able to utilize some of the 
additional resources available in moderately developed, semi-urban sites, but do not 
thrive in dense urban environments (Blair 2001). 
  
One way to help reduce losses in bird species diversity caused by fragmentation is to 
protect and manage greenspaces in urban and semi-urban areas. The term “greenspace” is 
not specifically defined and its use in scientific literature ranges greatly (Taylor and 
Hochuli 2017). Following Chong et al. (2013), I define “greenspace” as any vegetated 
land within or adjoining an urban or semi-urban area. City, county, and state parks may 
fit in this category. It is within these underutilized gaps in urban cover that some native 
wildlife species can forage and reproduce. 
  
Urban parks are recognized as important biodiversity hotspots in cities (Fernández-Juricic 
and Jokimäki 2001), having been found to house a substantial number of native species 
and even some endangered species (Ives et al. 2016, CDFW 2018). Aronson et al. (2014) 
found that 30% of cities studied globally hosted threatened bird species. The number of 
species that can persist in these areas varies with size of the park, as well as the quality of 
the habitat it provides. For example, Gavareski (1976) found that a 133-ha city park in 
Seattle, WA had avian diversity similar to a control forest outside of urban influence. 
Native species began to disappear from smaller, more modified parks, as the occurrence 
of non-native species increased. Studies in Massachusetts and Sweden also found bird 
species diversity increased with park size (Gavareski 1976, Sandström et al 2006, 
Tilghman 1987). Some native bird species may successfully inhabit urban areas, but there 
are trade-offs. In a meta-analysis, Chamberlin et al. (2009) found that many urban species 
showed earlier lay dates, lower clutch sizes, lower nestling weights and lower fledging 
success than non-urban birds. It is assumed that supplementary anthropogenic food 
sources (bird seed, food waste) improve body condition for adult birds, but do not 
provide the required nestling diet of arthropods. Habitat quality determines individual 
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animal survival and reproductive success (Johnson 2007), and the costs and benefits of 
living and nesting in a human-modified landscape is complex. A better understanding of 
the greenspace characteristics which allow native bird species to survive and reproduce 
will help land managers and city planners design landscapes that support diverse native 
bird communities. 
  
I examine how characteristics of both human-made and natural land cover surrounding 
the nesting sites of native songbirds affects their reproductive success in semi-urban 
greenspaces in coastal central California. To do so, I examine how these characteristics 
relate to both the occupancy and the fledgling success of native songbirds using nest 
boxes. Identification of the habitat characteristics most closely associated with individual 
bird success at nest boxes will inform land managers about landscape modifications, such 
as brush removal, tree removal, re-vegetation and walkway installations, with potential to 




I examined factors affecting nest box occupancy and nesting success of native songbirds 
in four semi-urban sites in the Monterey Bay area of central coastal California (Figure 1). 
These four sites initiated independent nest boxes programs to support populations of 
native secondary-cavity nesting songbirds. The sites, listed geographically from north to 
south, were: Quail Hollow Ranch County Park in Felton, CA (QH); the University of 
California Santa Cruz Arboretum located in Santa Cruz, CA (ARB); a private residence 
located on Bay Heights Way in Soquel, CA (BH); and the Asilomar State Beach and 
Conference Grounds in Pacific Grove, CA (ASB) (Appendix 2). The four sites varied in 












Figure 1. Distribution of nest box monitoring sites (squares) around the 





Nest Box Monitoring 
 
We checked nest boxes at least once per week from March through August. We 
monitored nesting activities and opened boxes only as needed to determine egg lay date, 
clutch size, hatch date and fledge date. We monitored the boxes using the same 
observation methods as used in previous breeding seasons, following the Cornell Lab of 
Ornithology’s NestWatch protocols, which are based on the nationally recognized 
Breeding Biology Research and Monitoring Database (BBIRD) Field Protocol (Martin et 
al.1997). Nest boxes were built and deployed at the ARB and ASB sites in Fall 2014, 
while the boxes at BH and QH had been in use since 2002, with continued maintenance 
occurring to keep the boxes in good condition. The nest boxes vary slightly in design 
between sites but mainly follow the design in Figure 2.  
 
Boxes were originally designed to attract different target species (Table 2), and thus vary 
in construction materials and specific dimensions, but all had an entrance hole < 3.8 cm 
to exclude European Starlings (Sturnus vulgaris). All entrance holes also had an extender 
installed to reduce predation by California Scrub-Jays (Aphelocoma californica). Boxes 
were placed 1.5 - 3 m above ground on poles attached to fence posts, or in two cases at 
BH, attached to a tree. 
Table 1. Characteristics of the four study sites. Each site is managed by a 
different entity: UCSC = University of California Santa Cruz, CA = California, 
Private = private residence of Mr. J. Ellis, SC = Santa Cruz. #NBs denotes how 
many nest boxes are present at each site. Bird species codes are from the 
Institute for Bird Populations (IBP) bird alpha code list and represent: Ash-
throated Flycatcher (ATFL), Chestnut-backed Chickadee (CBCH), Oak 





Sites Management Primary habitat type Species # NBs
ARB UCSC Mixed forest/grassland ATFL, VGSW, WEBL 14
ASB CA State Parks Mixed forest CBCH, OATI, VGSW, WEBL 32
BH Private Mixed forest/grassland CBCH, OATI, VGSW, WEBL 28





Figure 2. Blueprint of nest box design for boxes installed at ASB. Double level 
roof (a) and vent holes (b) help with reducing temperatures in the summer 
months. Double thick door (c) acts as entrance hole extender and helps reduce 
Scrub-Jay predation. Other sites used similar designs with minor modifications. 
Second picture is from ASB and third picture is from QH. 
 
a b c
Table 2. Space use information for study species, including geographic 
distribution (Roberson and Tenney 1993), migratory status (migrant [M] or 
resident [R]; Roberson and Tenney 1993), preferred foraging habitat during the 
nesting season, and estimated territory size based on literature review. No data 











Territory Size (ha) 
(source)
Location
widespread M Riparian/grassland 3 ARB, QH





limited R Pine forest        
(Dahlsten et al. 2002)
2.5                  
(Mahon et al. 2007)
ASB, BH, 
QH
Oak Titmouse         
(OATI)
widespread R Oak forest         
(Cicero et al. 2017)






limited M Aerial/grassland 
(Brown et al. 2011)






limited R Grassland           
(Guinan et al. 2008)








Nest Box Data Collection 
 
Volunteers observed the nest boxes and collected data at three of the sites; ARB, QH, and 
BH. I performed data collection at ASB. All locations collected data for five or more 
years and submitted the data to the Cornell Lab of Ornithology's NestWatch Citizen 
Science program. All volunteers followed NestWatch protocols for data collection to 
reduce stress on the nesting birds. The box was observed from a distance (at least six 
meters and ideally behind some cover) with binoculars to determine if the parent(s) were 
present. If the parent(s) were not present, observers waited for them to return and then 
leave again to forage. Once it was determined that the parent birds were away, the 
observer could quickly go to the nest box and open it. The progress of nest building, 
number of eggs, and state of hatching eggs or age of chicks, were all quickly ascertained. 
The box was usually open for less than a minute and ideally the observer would be gone 
before the parents returned. The observer then returned to the observation distance to wait 
for the return of the parents. This ensures that the parents were not disturbed and were 
again performing their regular, parental activities. A nest box that is “occupied” is 
defined as a box that has at least one egg laid in it. A nest box that fledges at least one 
chick is considered a “success”. Notes were written in a standardized form that includes 
the information that the NestWatch website requests (Appendix 5).  
Habitat Characterization: ArcMap Analysis 
 
Each habitat variable (Table 3) was calculated using ArcMap 10.5 (ESRI, Redlands, CA). 
I obtained permission from the associated jurisdictions (County of Santa Cruz, the City of 
Santa Cruz, and the City of Pacific Grove) to use their high-resolution orthoimagery, 
which was collected in June and July 2016. The imagery was at 3-inch resolution for all 
sites except for Quail Hollow County Park, which was at 9-inch resolution. I used the 
Supervised Classification tool in ArcMap to define the land cover type within each nest 
box territory. Nest box territories were defined as a 100-meter radius (31,415 m2 = 3.2 
ha) around each nest box, which is commonly used as the average size of the territories 
for the study species (Milligan and Dickinson 2016, Martin et al. 2013, Holoubek and 
Jensen 2016). This tool let me identify and name specific land cover types within subset 
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samples, then classify the entire extent of the imagery using those defined samples. The 
Supervised Classification tool applies the values of the sub-set data to the entire image 
based on the reflectivity of the sample pixels. Both the buildings and water had similar 
reflectance to bare dirt and rocks, resulting in inaccurate land cover classifications. I 
manually outlined the buildings and water and superimposed them into the land cover 
classification, yielding a more accurate classification. 
 
Tree cover included all large tree species that were distinguishable in the imagery, 
including Monterey pines (Pinus radiata), coast live oak (Quercus agrifolia), toyon 
(Heteromeles arbutifolia), and coffeeberry (Rhamnus californica). Also included were 
large, brushy stands of coyote brush (Baccharis pilularis). Grass cover included all 
vegetated land cover that was not covered by the large tree and shrub structures. This 
included meadows of non-native annual grasses and native grasses. Water cover was 
present at only two sites, ARB and QH, and consisted of standing water in naturally 
formed ponds. Building cover included all buildings across study sites, including 
Table 3. Habitat variables, as well as the ArcMap tool 
(measurement unit noted) used to measure variables 
which were used to create models to predict nest box 
occupancy and success. The metrics related to the habitat 




Variable ArcMap tool Unit
Tree cover Classification Percent cover
Grass cover Classification Percent cover
Water cover Classification Percent cover
Building cover Classification Percent cover












greenhouses, private residences, and education centers. Paved cover included walking 
paths and roads with both vehicle and foot traffic. Percent cover of each land cover type 
was measured by calculating the amount of each land cover type within each nest box 
territory radius, then divided by the total territory size. Distance to the nearest woody 
vegetation, distance to the nearest water, and distance to the nearest human cover (which 
included both paved cover and building cover) was measured in ArcGIS using the 
Measure tool.  
Data Analysis 
 
We monitored 96 nest boxes across the four study sites for five seasons (March 2015 – 
August 2019). I derived land cover metrics from imagery taken in 2016, the middle of the 
research-gathering phase. I coded occupancy and success data as 0 for the boxes having 
never been occupied, 1 for one year it was occupied, 2 for 2 years, etc. This gave me a 
whole number to run in models with a Poisson probability function.  
 
 I anticipated some collinearity between the vegetation land cover metrics, considering 
that by using aerial imagery, where I counted trees, I could not count grass and vice 
versa. I ascertained the degree of collinearity between habitat variables by visually 
inspecting them using scatterplot matrices and running regressions on all combinations of 
the variables. I included only one variable in models from habitat variable combinations 
that had R2 values above 0.4 (Graham 2003). I found R2 values above 0.4 for 
combinations of tree cover, grass cover, and distance to nearest woody vegetation. I 
chose to use tree cover for the remaining analyses and disregard the other two variables. 
Additionally, water cover within a nest box territory only occurred in four instances, so 
all water-related analysis was conducted with distance to water. The remaining habitat 




I hypothesized the relationship between 
the different species and the land cover 
variables would be unique. Additionally, 
there was potential for differing 
interactions between land cover 
variables for each species. I did not 
consider three-way interactions, due to 
the moderate sample size. I used a 
combination of primary literature and 
first-hand observation to develop 
hypotheses for each species describing 
the relationship between nest box 
occupancy and success and the habitat 
surrounding the boxes. For each species, 
I developed several hypotheses, which 
resulted in a series of candidate models 
(Table 4). 
 
I expected tree cover to be an essential 
predictive variable for occupancy and 
success at the boxes for all species. I 
used distance to nearest water as the 
main water-related variable for 
occupancy and success models for all 
species. I hypothesized that distance to 
nearest human cover would influence 
box occupancy more than box success, 
since nesting songbirds are more 
sensitive to human disturbance during 
the nest building phase than during the 
chick-rearing phase (Ralph et al. 1993). 
Table 4. Candidate model set for the five 
study species, where T = tree cover, WD 
= distance to water, HD = distance to 
human cover, B = building cover, P = 
paved cover. “Intercept” indicates no 

































Thus, distance to nearest human cover was 
used in the box occupancy models for all 
species. Additionally, I hypothesized that the 
type of land cover in the immediate vicinity 
of the box influenced the ability of the nesting 
birds to efficiently provide food to their 
chicks, culminating in nest box success 
(defined as at least one chick fledging). For 
each species, I used either building cover or 
paved cover to represent the effect of human 
development on resource availability for the 
nesting birds. The choice of using either 
paved or building cover was made by running 
a candidate model set including an intercept 
(null) model, a model including paved cover, 
and a model including building cover to 
predict nest success for a species. The results 
of those smaller model comparison analyses 
informed my development of the final 
candidate model set. 
 
Additional hypotheses related to interactions between variables were included in the 
analysis. The Ash-throated Flycatcher is notable since they have only used boxes at the 
two sites that have standing water (ARB and QH). Standing water by itself may not be as 
useful for foraging as standing water surrounded by trees, since this species forages by 
perching on low vegetation and sallying out to catch their insect-prey (Cardiff and 
Dittmann 2002). Thus, I added a model with an interaction factor between tree cover and 
distance to water. 
 
Western Bluebirds forage in a manner similar to the Ash-throated Flycatcher; they sit on 
low perches and fly out into the air or down to the ground to catch prey (Guinan et al. 

























2008). Because of this foraging strategy, ample perching is critical to Western Bluebird 
nesting habitat. I hypothesized that if there was not adequate tree cover with branches for 
perching, the human-made structures would be used instead. Therefore, I included an 
interaction factor between tree cover and building cover since the buildings, signs, and 
lamp posts within and around the building cover are often used as perching by the 
Western Bluebird. 
 
Another species with the potential for interacting variables is the Violet-green Swallow. 
Swallows are strict aerial insectivores (Brown et al. 2011). There is potential for good 
foraging above the human-made land cover, especially on hot days when the impervious 
surfaces of the human cover increase in temperature (Yan et al. 2014), which 
subsequently increases insect activity (Taylor 1963). Therefore, I included an interaction 
factor between tree cover and paved cover for Violet-green Swallow success. 
 
I ranked models based on Akaike’s Information Criterion (AIC) to assess the influence of 
habitat (i.e., independent variables) on occupancy and nest success of nest boxes (i.e., 
response variables) for each bird species. I examined AIC values and Akaike weights to 
select the most parsimonious models explaining box occupancy and success for each 
species. A model warranted substantial support if the ΔAIC was less than or equal to two 
(Burnham and Anderson 2002). All statistical modelling was performed using R version 
1.3.959 (R Core Team 2020). 
Results 
 
Percent tree cover across all sites was normally distributed and ranged from 7-70% 
(Figure 3a). Building cover and paved cover were similarly distributed, with most of the 
percent cover in the 0-1% range (Figure 3b and 3c). Distance to water displayed two 
peaks, one between 200-300 m and one between 500-600 m (Figure 3d). Distance to 
human-made cover exhibited a negative exponential distribution, with most boxes located 
within 10 meters of human-made cover, and with the greatest distance to human-made 





Figure 3. Distribution of tree cover (a), building cover (b), and paved cover (c) 
and distance to water (d) and distance to human-made cover (e) across nest box 
sites located at four study locations: UCSC Arboretum, Asilomar State Beach, 










We had 20 instances of box occupancy by Ash-throated Flycatchers, 65 by Chestnut-
backed Chickadees, 20 by Oak Titmice, 96 by Violet-green Swallows, and 53 by Western 
Bluebirds. A total of 1,002 chicks fledged from these 96 nest boxes between 2015 and 
2019. I ran preliminary model sets for each species including “Site” as a variable. The 
results did not warrant its inclusion in the final analysis, since it was not included in 
competitive models (ΔAIC ≤ 2) for any species for either occupancy or success. 
Table 5. AIC tables for nest box occupancy and success of each study species. T = 
tree cover, H = human cover, WD = distance to water, HD = distance to human 
cover. The global model containing all possible explanatory variables for each 
model set is also included in the results table. K = number of parameters, LL = -
Log-Likelihood, AIC = Akaike’s information criterion, AICc = Akaike’s second 
order information criterion, ΔAIC = difference between the best model (smallest 
AIC) and each model, and AICw = Akaike weight. 
 
 
Model K LL AIC AICc ΔAIC AICw
ATFL Occupancy T+WD 3 -48.05 102.1 102.4 0.0 0.483
T*WD 4 -47.92 103.8 104.3 1.9 0.185
T+WD+HD 4 -48.01 104.0 104.5 2.1 0.168
Success T+WD+B 4 -40.49 89.0 89.4 0.0 0.339
WD+B 3 -41.83 89.7 89.9 0.499 0.264
T+B 3 -42.35 90.7 91.0 1.548 0.156
T*WD+B 5 -40.28 90.6 91.2 1.804 0.137
CBCH Occupancy T 2 -102.49 209.0 209.1 0.0 0.512
T+HD 3 -102.25 210.5 210.7 1.7 0.224
T+WD 3 -102.43 210.8 211.1 2.0 0.188
T+WD+HD 4 -102.25 212.5 212.9 3.8 0.076
Success T 2 -87.54 179.1 179.2 0.0 0.508
T+WD 3 -87.32 180.6 180.9 1.7 0.218
T+B 3 -87.51 181.0 181.3 2.1 0.181
T+B+WD 4 -87.32 183.0 182.6 3.9 0.093
OATI Occupancy T 2 -50.30 104.6 104.7 0.0 0.411
T+WD 3 -49.71 105.4 105.7 1.0 0.254
T+WD+HD 4 -49.09 106.2 106.6 1.9 0.159
T+HD 3 -50.22 106.4 106.7 2.0 0.153
Success T+P 3 -44.98 96.5 96.2 0.0 0.383
T+P+WD 4 -44.78 98.0 98.0 1.8 0.158
T 2 -46.98 98.0 98.1 1.9 0.150





Competitive models for occupancy of nest boxes for the Ash-throated Flycatcher 
included tree cover, distance to water, and distance to human cover as covariates (Table 
5). The most parsimonious model indicated a negative effect of tree cover (β = -6.008, SE 
= 1.657) and a minor negative effect of distance to water (β = -0.003, SE = 0.001) on box 
occupancy. A competing model included an interaction element between tree cover and 
distance to water (β = -0.005, SE = 0.009), but the difference in the log-likelihood values 
between the non-interacting model and the interacting model was minimal, indicating that 
the addition of the interaction term did not improve the model (Table 5). 
 
Competitive models for Ash-throated Flycatcher success included tree cover, building 
cover, and distance to water (Table 5). The most parsimonious model indicated negative 
associations with tree cover (β = -2.853, SE = 1.766), distance to water (β = -0.003, SE = 
0.002), and building cover (β = -41.252, SE = 21.918). Ash-throated Flycatcher 
occupancy was greatest with less tree cover (Figure 4). Associations with building cover 
and distance to water were less clear. 
Table 5 continued. 
 
 
VGSW Occupancy T*HD 4 -127.08 262.2 262.6 0.0 0.999
T+HD 3 -135.42 276.8 277.1 14.5 0.001
T+WD+HD 4 -134.98 278.0 278.4 15.8 0.000
Success T+P+WD 4 -125.57 259.8 260.2 0.0 0.697
P+WD 3 -128.28 263.0 263.3 3.2 0.138
WEBL Occupancy T 2 -78.34 160.7 160.8 0.0 0.460
T*HD 4 -77.20 162.4 162.8 2.0 0.167
T+WD 3 -78.33 162.7 162.9 2.1 0.160
T+HD 3 -78.34 162.7 162.9 2.1 0.159
T+WD+HD 4 -78.32 164.6 165.1 4.3 0.054
Success T 2 -73.44 150.9 151.0 0.0 0.427
T+B 3 -73.01 152.3 152.6 1.3 0.226
T+WD 3 -73.23 152.2 153.7 1.7 0.182





Tree cover was the only variable in the highest-ranked model explaining box occupancy 
for Chestnut-backed Chickadees; box occupancy was strongly related to tree cover (β = 
5.697, SE = 0.980; Table 5). One competitive model indicated a negative relationship 
with distance to human cover (β = -0.005, SE = 0.007), and another indicated a minor 
negative relationship with distance to water (β = -0.001, SE = 0.001). In both cases, the 
standard error was greater than or equal to the β values, suggesting that the relationship 
was not reliable. 
 
The highest-ranked model for nest box success (Table 5) included a positive relationship 
to tree cover (β = 6.160, SE = 1.129). Competing models included the covariates distance 
to water and building cover, but the minor differences between the log-likelihoods of the 
three models suggest there was little value in these additional covariates. The Chestnut-
backed Chickadee occupancy versus tree cover plot reflected the trends found through 
model comparison (Figure 5).  
Oak Titmouse 
 
Like the Chestnut-backed Chickadee, the highest-ranked model for Oak Titmouse nest 
box occupancy included only a positive association with tree cover (β = 5.421, SE = 
1.768). A slightly positive association with distance to water (β = 0.002, SE= 0.002) and 
a slightly negative association with distance to human cover (β = -0.016, SE =0.015) 
were included in competitive models. 
 
A positive association with tree cover (β = 3.783, SE = 1.752) and a negative association 
with paved cover (β = -11.836, SE = 7.051) were the only covariates in the top-ranked 
model for box success. A competing model included a minor positive association with 
distance to water (β = 0.001, SE = 0.002); however, adding distance to water did not 
improve the top-ranked model, as log-likelihood values differed little between models 
with and without this variable. The Oak Titmouse occupancy versus tree cover plot 
reflected the trends found through model comparison (Figure 6). 
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Violet-green Swallow  
 
Given the models compared, there was substantial support for the model that included 
tree cover (β = 0.048, SE = 0.991), distance to human cover (β = 0.046, SE = 0.015), and 
an interaction term between tree cover and distance to human cover (β = -0.174, SE = 
0.044) to explain occupancy. Whereas the standard error for tree cover alone was large, 
the interaction term between tree cover and distance to human cover had reasonable β and 
standard error values, suggesting a fundamental difference in how Violet-green Swallows 
responded to tree cover alone versus tree cover around human cover. There were no other 
competing models for Violet-green Swallow nest box occupancy. 
 
Competitive models for success of nest boxes for Violet-green Swallows included tree 
cover, paved cover, and distance to water as covariates (Table 5). The most parsimonious 
model included a negative effect of tree cover (β = -1.763, SE = 0.748), a negative effect 
of paved cover (β = -6.243, SE = 2.137) and a very minor negative effect of distance to 
water (β = -0.002, SE = 0.001) on box success. The Violet-green Swallow had a visible 
difference between the occupancy and success plots (Figure 7), with a small cluster of 
occupied boxes in an area of low tree cover (Figure 7a) not having equivalent success at 
those box locations (Figure 7c).  
Western Bluebird 
 
Western Bluebirds showed a negative association with tree cover (β = -6.380, SE = 
0.911) based on the highest-ranked model. A competing model included an interaction 
between tree cover and distance to human cover with a small positive effect on 
occupancy (β = 0.082, SE = 0.054). This same model included distance to human cover 
as a single term with a minor negative association with occupancy (β = -0.027, SE = 
0.019).  
 
Competitive models for success of Western Bluebird nest boxes included tree cover, 
building cover, and distance to water as covariates (Table 5). The highest-ranked model 
for nest success indicated a negative effect of tree cover (β = -6.031, SE = 0.972). A 
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competing model included a negative association with building cover (β = -3.167, SE = 
3.544), but the large standard error relative to the β value made this association 
essentially negligible. The Western Bluebird occupancy versus tree cover plot reflected 
the trends found through model comparison (Figure 8). 
 
 
Table 6. Significant predictors of nest box occupancy and success 
for the 5 target species at four study locations: UCSC Arboretum, 
Asilomar State Beach, Bay Heights, and Quail Hollow County Park 





ATFL tree cover (-) tree cover (-)
distance to water (-) distance to water (-)
building cover (-)
CBCH tree cover (+) tree cover (+)
OATI tree cover (+) tree cover (+)
distance to water (+) paved cover (-)
distance to human cover (-)
VGSW tree cover (-)
paved cover (-)
distance to water (-)
WEBL tree cover (-) tree cover (-)
building cover (-)tree cover x distance to 
human cover (+)






Figure 4. Relationship between nest box occupancy and tree cover (a), human 
cover (b), and distance to water (c) for the Ash-throated Flycatcher. 
 
 










Figure 5. Relationship between nest box occupancy and tree cover (a) and human 






Figure 6. Relationship between nest box occupancy and tree cover (a) and human 











Figure 7. Relationship between nest box occupancy and tree cover (a) and 
human cover (b) plus nest box success and tree cover (c) and human cover (d) 














In this study, I monitored nest box occupancy and success in semi-urban greenspaces and 
analyzed satellite imagery to quantify surrounding landscape metrics. I developed 
hypotheses related to habitat use around each nest box for each species and compared 
them, determining which habitat metrics had the most influence on box occupancy and 
success. Each species responded differently to the disparate habitat metrics, but 
ultimately tree cover was the variable that most influenced occupancy and success. 
Human-made land cover and distance to water influenced each species positively or 
negatively to a minor degree. The degree of influence and directionality of the covariates 
were similar between box occupancy and box success results for all species. 
 
My study supports findings from previous research pertaining to the use of natural habitat 
by all five study species. I found species previously reported to prefer nesting in areas 
with high tree cover retained that preference in semi-urban greenspaces surrounded by 
human cover. Chestnut-backed Chickadees were positively associated with tree cover, 
matching previous research showing their preference to nest in boxes located in denser, 
closed-canopy stands of trees (Brennan et al. 1999). Wilson et al. (1991) demonstrated 
Figure 8. Relationship between nest box occupancy and tree cover and 






that the Oak Titmouse increased in abundance with increasing tree density, similar to my 
results showing their preference for more tree cover. Similarly, species previously 
reported to prefer open canopy areas for nesting retained that preference in semi-urban 
greenspaces. For example, my results support previous research determining that Violet-
green Swallows prefer to nest in open woodlands (Brown et al. 2011). I also found that 
Western Bluebirds occupy more boxes and are more successful in areas with low tree 
cover. These results match those of Franzreb (1977) which indicated Western Bluebirds 
preferred open overstory forests and Rosenstock (1996) which showed Western Bluebird 
nesting abundance was negatively correlated with canopy cover. I also found the Ash-
throated Flycatcher was negatively associated with tree cover, which parallels previous 
research showing a preference for nesting in areas of open woodland habitat (Cardiff and 
Dittman 2002). The consistency in habitat preferences, despite differences in human use 
of the larger landscape indicates the potential for adaptability of these species to urban 
landscapes that meet these minimum tree cover requirements. 
 
A comparison with similar work by Milligan and Dickinson (2016) which examined 
habitat use during the breeding season by five bird species using nest boxes revealed 
similar land use by these same bird species in a natural setting near our study site. 
Whereas Milligan and Dickinson (2016) found that Ash-throated Flycatchers were 
associated with less grassland and higher edge density, our study found a negative 
relationship between Ash-throated Flycatcher occupancy and tree cover, which suggests a 
positive association with brushy habitat or grass. While my results seem to contradict 
those of Milligan and Dickinson (2016), differences may be explained by variation in 
methodology. Whereas I focused land cover analysis broadly on tree cover versus human 
cover, Milligan and Dickinson (2016) incorporated chaparral, blue oak–valley oak 
woodland, mixed oak– madrone forest, and open savanna grassland into their land cover 
analysis. A lack of association between flycatcher occupancy and grassland does not 
mean a positive association with oak woodland (the equivalent of tree cover in my study). 
Flycatcher occupancy might have been positively associated with chaparral cover, of 
which I do not have a comparable metric. Milligan and Dickinson (2016) also found that 
Oak Titmice had a strong association with chaparral habitat in addition to riparian and 
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mixed-oak forests, which is in opposition to our findings that the Oak Titmouse prefers 
more tree cover. Again, this may be because tree cover was our only vegetation metric, 
with no mid-range brushy cover (like chaparral) included in the analysis. The use of the 
chaparral habitat by the Oak Titmouse might be a subtlety of its foraging preferences, in 
which they nest in forested habitat but forage in more sparsely vegetated habitats, as 
hypothesized by Milligan and Dickinson (2016). Differences between the results of this 
study and those of Milligan and Dickinson (2016) suggest aerial imagery (even at a high 
resolution) did not convey the complexity of vegetation across the landscape. Remote 
sensing utilizing LIDAR imagery, which measures the surface in three-dimensions, may 
help quantify the structural complexity of the vegetation. Aerial imagery, however, was 
adequately able to clarify the influence of human cover on nesting birds in central 
California. 
 
Tree cover was the strongest predictor of occupancy and success for all five species in 
my study. The small beta values and comparatively large standard error values for many 
of the non-tree cover metrics (distance to water, human cover including building and 
paved cover) suggest that these other metrics play only a minor role in box occupancy 
and success at these sites relative to tree cover. This research suggests the composition 
and/or structure of vegetation in the greenspace surrounding a nest box more strongly 
influences occupancy and nest success than the presence of human cover in the broader 
landscape. Thus, future work should examine how fine scale variation in vegetation 
composition and structure within urban greenspaces affects occupancy and nest success. 
Examining the density of brushy vegetation, density of tree canopy, and even ratio of 
native versus non-native plants in the area surrounding nest box territories, for example, 
would provide information useful for nest box management in urban and semi-urban 
greenspaces. Fine-resolution data such as this would be challenging to collect through 
remote sensing alone as I did in this research, but a combination of vegetation analysis 
using LIDAR and plant surveys on the ground could be ideal. 
 
The influence of human cover on the nest site selection and nest success for the five focal 
species in this project has not been well studied. Our results suggesting Chestnut-backed 
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Chickadee and Oak Titmouse avoid human cover matches previous studies on a related 
species, the Great Tit (Parus major). Remacha and Delgado (2009) found that Great Tits 
(a Paridae species like the Chestnut-backed Chickadee and Oak Titmouse), avoided 
nesting near buildings. Both the Ash-throated Flycatcher and Violet-green Swallow also 
demonstrated a negative association with human cover. Additional research on the 
minimum distance to human cover that these species will tolerate when nesting would be 
informative for nest box placement and land planning in urban greenspaces.  
 
In contrast to the other focal species in this study, the Western Bluebird, as well as other 
Sialia species, readily use nest boxes and are known for their tolerance of human 
disturbance and use of human-associated landscapes, like golf courses. Many of these 
“urban adaptable” bird species might need only a small landscape modification to thrive 
in urban greenspaces. Human-modified landscapes, be it urban, suburban, or agricultural, 
have potential to be beneficial to individual species and for conservation projects. Since 
many of even the “common” bird species are declining in North America (Rosenberg et 
al. 2019), an increased understanding of our urban ecosystems is needed. Identification of 
habitat parameters that influence nest box occupancy and success will help city planners 




The nest box projects at each of the study sites continue to operate past the conclusion of 
this project. The staff and volunteers at each location are actively managing the landscape 
to support and improve bird nesting success and avian diversity. This research will help 
clarify long-standing questions related to species occurrence (Ash-throated Flycatchers 
are strongly associated with water, for instance), nest box placement, and recreational 
uses of the properties. At all sites where nest boxes were installed, anecdotal reports of 
local increases in target species populations have been noted. Increased nest box 
occupancy over time at all sites has been observed as well. These nest box installation 
and monitoring projects provide nest sites for secondary cavity nesters in urban or semi-
urban parks where tree cover may be declining, due to forest fragmentation or increasing 
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disease outbreaks related to drought and climate change. Since tree cover was found to be 
the main driver of nest box occupancy and success for the two Paridae species, both of 
which are in decline (Table 7), my research provides further support for park, city, and 
county policies related to retention of trees and tree canopy in urban and semi-urban 
areas. The improvement of urban forest health and increase in tree canopy cover will 
benefit not only declining bird species, but also the human residents of these human-
modified landscapes. Urban forests provide green infrastructure services, such as 
controlling pollution and cooling hot city centers, while simultaneously providing mental 
and physical benefits to city residents (Harris 2004). 
 
 
Future research on the ratio of native to non-native vegetation around each nest box and 
how it relates to nest success would lead to more specific management recommendations 
at the respective sites. Sites like the UCSC Arboretum, where groves of non-native trees 
are maintained and nest boxes are dispersed throughout, would make an excellent study 
location to make this comparison. Additional research using direct human disturbance 
instead of building cover, paved cover, and distance to human cover as an indirect 
measurement on nest site selection and nest success would benefit the management of 
Table 7. Study species and respective concern score and ranking from the 
2016 State of North America’s Birds (SONAB) report published by the 
North American Bird Conservation Initiative (NACBI 2016). Conservation 
issues based on the SONAB report and Cornell Lab of Ornithology’s Birds 












WEBL 9 Moderate Potential exposure to environmental 
toxins from nesting in urban and 
agricultural areas
Conservation issues
Limited breeding in coastal central CA
Population declining
Population steeply declining, reduced 
breeding distribution




these sites. This could be accomplished through in-person counts of human use including 
distance of the person to nest boxes. Alternately human disturbance could be measured 
remotely using trail cameras. Community science nest box projects give staff, 
researchers, and volunteers access to a normally hidden and secretive phase of a bird's 
life, providing the opportunity for data collection, experimentation, appreciation, and 
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The term “habitat” is used to relate the presence of an animal to its surrounding physical 
and biological environment (Morrison et al. 2012). “Habitat use” implies that there is 
some nonrandom pattern to the use of the space in which an animal is found. There has 
been concern in the scientific community about the informal use of the word “habitat”. 
Hall et al. (1997), for example, found that out of 50 peer-reviewed articles, only 18% 
correctly defined or used terms related to habitat. This emphasizes the need to define 
“habitat” early and correctly when writing a paper related to the topic.  
 
Habitat includes the key features in the landscape that support a specific species. A 
thorough understanding of a species’ habitat use is critical in discerning what features in 
the habitat are important for its survival and reproduction. Since habitat loss is a main 
driver of current species loss or extinction (Brook et al. 2008), correctly identifying the 
habitat needs of an organism is critical for its management, protection and/or restoration.  
 
Habitat can be analyzed on many spatial and temporal levels which can lead to some 
confusion in defining subsets of habitat use, like microhabitat, macrohabitat, critical 
habitat, etc. Generally, macrohabitat refers to landscape-scale features, such as the range 
of the species and the preference for specific vegetation associations (Block and Brennan 
1993). Microhabitat refers to fine-scale habitat features, like the specific use of an area 
within the range of a species (Johnson 1980). Johnson’s hierarchical framework suggests 
that large-scale habitat selection is hard-wired within a species and is relatively 
inflexible. At the finer spatial scale, more individual decision-making occurs, especially 
with regards to where to find food or where to nest. The life-history stage or activity 
being studied can be paired with the appropriate spatiotemporal scale. For example, if a 
researcher is interested in studying the migratory patterns of a hemisphere-crossing, 
migratory bird species, the spatial scale will cover great distances. When working at a 
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larger spatial scale, results may be applied at a larger population level. Researching a 
topic at a finer spatial scale may yield results that can only be appropriately applied to 
individual animals or a small, regional population. At the temporal scale, habitat use can 
be quantified for all levels of activity or focus on specific life-history activities. Specific 
activities that are studied in-depth in avian ecology are nesting, courtship, and migration, 
among others. An activity may be monitored over one season or over the lifespan of the 
study species, depending on the question being asked. 
 
Methods for Assessing Songbird Habitat Use 
 
There are three broad approaches to developing studies to assess habitat use in birds. The 
first is a correlative approach, which simply relates the abundance of birds to habitat 
characteristics. The focal-bird approach measures habitat characteristics at the location 
where a specific bird species was observed. Lastly, an experimental approach can be used 
by observing the effects of deliberate environmental changes on the habitat use of the 
species (Larson and Bock 1986, Brennan et al. 1999). In all three approaches, scientists 
may determine the presence or absence of a specific avian species in a landscape by 
performing point counts, monitoring along transects, or physically capturing and marking 
birds. These activities may be done continuously or at specific times of year, depending 
on the scale of the project. Skillful, qualitative observation is a beneficial way to 
understand the needs of bird species and can be useful for developing strategies and 
creating predictions for species of concern (Block and Brennan 1993). Whichever general 
approach is used, the bird may be more closely monitored through direct visual 
observation, manual tracking, VHF or satellite tracking, controlled experiments, and/or 
modelling. Track plates have even been used for determining tree use in perching bird 
species (Mooney 2002).  
 
One method used to monitor cavity-nesting birds during the breeding season includes 
bird houses, also known as nest boxes. About 65 species of North American and 
European cavity-nesting birds regularly nest in artificial nest boxes (Eadie et al. 1998). 
Since these cavity nesters naturally look for a hole in a tree to nest in, they are drawn to 
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these constructed boxes and many species readily utilize them (Newton 1994). By 
deploying nest boxes, a researcher can get cavity-nesting bird species to come to a known 
location. Nest boxes also give easy access to the contents of a nest, allowing for 
opportunities for experimental manipulation of eggs and chicks (Koenig et al. 1992). It is 
also relatively easy to capture birds for banding from a nest box versus through mist 
netting. 
 
The appropriateness of using nest boxes as a proxy for natural nest sites is controversial. 
Robertson and Rendell (1990) found that when nest site dispersion and cavity height 
were similar between natural and artificial sites, Tree Swallows had increased 
interspecific competition and smaller clutch sizes in natural sites compared to artificial 
nest boxes; they concluded that reliable comparisons cannot be made between the two 
nest types. Others have found a higher nest survival rate in artificial boxes (Rahman et al. 
2014), making large-scale population estimates based on a nest box study inappropriate. 
Alternatively, some researchers have seen no difference in mating and reproduction 
between natural and artificial boxes. Barber et al. (1996) found no difference in the 
frequency of extra-pair copulations in Tree Swallows between natural and artificial nest 
sites. Miller (2002) found that nest success was nearly identical between natural and 
artificial nests. Møller (1989) writes that predation rates are often lower in nest boxes and 
because old nests get cleaned out by site managers, the parasite load is reduced. These 
factors may affect nest site and mate choice, reproductive output, and the rate of chick 
growth. These discrepancies emphasize how important it is to avoid generalizing about 
nesting bird populations based on nest box data alone. As with most observational 
research, the results may be applied to the site in which the research was conducted but 
applying the findings to entire populations is less reliable (Koenig et al. 1992). For site-








Relevant Nest Box Studies 
 
Few studies have used nest boxes to examine songbird reproduction on the central coast 
of California. Milligan and Dickinson (2016) examined which surrounding habitat 
characteristics had the greatest influence on the occupancy and success of nest boxes in 
oak woodland habitat in Carmel Valley, CA. Milligan and Dickinson (2016) used 
FRAGSTATS (McGarigal et al. 2002) to calculate habitat metrics for four classified land 
cover types within a 100-m radius of each box. The land cover classification was based 
on satellite imagery, without any mention of the source or resolution. They found that 
each species was associated with a specific land cover type (Table A1). Prior occupancy 
of the nest box was the best predictor of box success (defined as at least one chick 
fledging) for all five of the study species. Fiehler et al. (2006) studied Western Bluebird 
reproduction at a vineyard near San Luis Obispo, CA. They used field methods to 
measure nine habitat variables at each nest box including: slope, aspect, and orientation 
of the nest box entrance, distance to the nearest vines, distance, height, and diameter at 
breast height of the nearest tree, percent canopy cover, and percent cover of shrubby, 
downed woody material, forbs, and grasses. They found that nest survival was the same 
in the vineyard as in the nearby oak woodland and that clutch size was greater and nests 
were initiated earlier in the vineyard.  
 
Similarly, researchers across the globe are beginning to study nest boxes in different 
semi-urban and urban habitats. In southeastern Virginia, Cornell et al. (2011) used 
ArcGIS (ESRI, Redlands, CA) to classify land cover types and looked at land cover 
within a 100-m radius around the nest boxes placed on a public golf course. These boxes 
produced more offspring than the paired reference sites outside the golf courses (Cornell 
et al. 2011). Another example of a study examining greenspaces within an urban 
landscape was conducted in Finland by Jokimäki (1999); he found that the number of 
nest boxes available was the most important variable determining the presence of the 




These vineyard and golf course studies begin to look at the human element within the 
habitat surrounding the nest boxes, but higher-density, human dominated landscapes 
should be studied in a similar fashion.  
 
Very few papers have looked at the success of nest boxes in urban or semi-urban parks, 
except for Jokimäki (1999). Given that urban land cover is expected to triple between 
2000 and 2030, with an estimated 120 million ha converted to urban land use (United 
Nations 2014, Seto et al. 2012), the effects on our urban and suburban birds need to be 




Table A1. Summary of referenced papers using nest boxes to infer beneficial 
habitat characteristics. Summary includes authors, year of publication, study 












Less grassland cover and 
greater edge density 
preferred
House Wren Less grassland cover 








Grassland and oak 
woodland, away from 
chaparral preferred




Nest survival not associated 
with oak woodland or 
vineyard land cover, clutch 
size greater and earlier start 
date in vineyard




Higher success on golf 





“Habitat” may be simply defined as the place where an animal lives. It can be analyzed 
across a varied spatial and temporal gradient and the choice of timing and scale of the 
research is related to the research question. Nest boxes are a tool to collect information 
about how cavity nesting bird species make a living in a single location during a specific 
life-history stage, particularly the nesting season. While nest boxes do not perfectly 
replicate natural nest sites, due to the reduced predation and parasite load, they have been 
and still are an efficient way to observe and manipulate cavity nesting birds in order to 
more fully understand their local population dynamics, nesting behaviors, and habitat 
influences. Thus, the use of nest boxes provides an opportunity to examine the effect of 
urban land cover, such as roads, paths, and buildings, on nesting birds.  
 
The prospect of an increasingly urbanized world makes it prudent to discern which 
species are capable of living amongst humans in urban and suburban environments and 
what elements of the habitat they need to survive. It may be that only specific, highly 
adaptable species can carve out a little space to thrive in these new environments, but the 
features of the habitat that are critical to their success needs to be fully understood to 
insure that those features are maintained as the landscape changes. This type of 
application-based research is especially prudent to entities that manage urban 
greenspaces, such as city, county, or state parks, which may ultimately be the managers 

























Figure A2a. Aerial view of UCSC Arboretum (ARB), with 14 nest 




































Figure A2b. Aerial view of Asilomar State Beach (ASB), with 32 





Figure A2c. Aerial view of Bay Heights (BH), with 28 nest boxes 








































Figure A2d. Aerial view of Quail Hollow County Park (QH), with 




A3. Nest box success figures 
 
Excludes Violet-green Swallow nest box success figures, as they are reported in the main 




Figure A3a. Relationship between nest box success and tree cover (a), human 














Figure A3b. Relationship between nest box success and tree cover (a) and human 





        
 
(a) (b)
Figure A3c. Relationship between nest box success and tree cover (a) and human 



































Figure A3d. Relationship between nest box success and tree cover (a) and human 










A4. Nest box data collection form 
 
 
  
 
